A growing number of studies have identified chronic sleep restriction as a potential risk factor for obesity. This could have important implications for how obesity is prevented and managed, but current understanding of the processes linking chronic sleep restriction to obesity is incomplete. In this paper, we examined some of the pathways that could underlie the relationship between chronic sleep restriction and obesity. This involved exploring some of the potential environmental, health, behavioral, and sociodemographic determinants of chronic sleep restriction, which require further investigation in this context. Three pathways that could potentially link chronic sleep restriction to obesity were then examined: (1) altered neuroendocrine and metabolic function, (2) impaired glucose regulation, and (3) waking behavior. The selected pathways linking chronic sleep restriction to obesity reviewed in this paper are presented in a schematic representation; this may be used to guide future research in this area. This area of research is important because it may lead to more effective interventions and strategies to combat the present obesity epidemic.
Introduction
Obesity has increased at an alarming rate in recent decades, and it is currently estimated that between 25% and 30% of adults in countries such as the US and Australia are obese [1] [2] [3] . Obesity is a major health issue as it contributes to conditions such as diabetes, cardiovascular disease, osteoarthritis, and some metabolic-related cancers [3, 4] . Obesity has a multifactorial etiology comprising a range of genetic, metabolic, environmental, behavioral, and social/cultural factors [5] . However, the rapid rise in obesity suggests that the present epidemic is the result of recent social and environmental changes, with high fat diets and increasingly sedentary lifestyles identified as two of the main causes [3, 6] .
There are, however, other factors that may be contributing to the present obesity epidemic which need to be addressed. One factor that is receiving increased attention is chronic sleep restriction (<7 hours sleep a night). This is based on a number of recent epidemiological studies reporting that shorter sleep durations are associated with overweight and obesity in adults; see Cappuccio et al. [7] for a review. Some longitudinal data also indicate that short sleep predicts weight gain over a period of several years [8] [9] [10] [11] [12] . Furthermore, several laboratory-based studies have demonstrated that sleep restriction affects hormones involved in regulating energy balance, in a manner that is consistent with weight gain [13] [14] [15] [16] [17] [18] . Interestingly, Chaput et al. [19] recently examined the relative contribution of nine risk factors for obesity (e.g., diet, physical activity, and sleep duration) over a six-year period. They found that sleep duration along with low calcium consumption and high disinhibition and restraint eating behavior significantly predicted weight gain; energy intake and physical activity were not significant predictors of weight gain.
These findings suggest that chronic sleep restriction could be a possible risk factor for obesity, and this may have implications for obesity management and prevention. However, our understanding of the relationship between chronic sleep restriction and obesity is incomplete as the processes through which chronic sleep restriction contributes to obesity, and the extent and magnitude of these effects, remain unclear. Furthermore, an important gap in the literature is that the causes, or determinants, of chronic sleep restriction have been largely overlooked. In this area of research, chronic sleep restriction has tended to be viewed as a result of behavioral sleep curtailment or an underlying sleep disorder [20] . This is a problem because the causes of chronic sleep restriction are likely to be complex and encompass many factors. These need to be identified and understood because they could influence the nature of the relationship between sleep and obesity and would likely have treatment implications.
Therefore, the purpose of the present paper is to integrate two important bodies of literature and examine (1) the determinants of chronic sleep restriction and (2) selected pathways linking chronic sleep restriction to obesity. This paper is not intended to provide a comprehensive review of these areas, as the relationship between chronic sleep restriction and obesity is likely to be complex and involve a multitude of processes. Instead, we focus on the factors and pathways that we feel are most important based on our assessment of the available literature. For example, we explore the following three potential pathways linking chronic sleep restriction to obesity: (1) neuroendocrine and metabolic pathways, (2) glucose regulation, and (3) waking behaviour.
It is also acknowledged that the association between chronic sleep restriction and obesity is likely to be bidirectional since obesity could also contribute to chronic sleep restriction (e.g., sleep apnea). However, this paper focuses primarily on chronic sleep restriction as a possible cause of obesity. We conclude the paper by presenting a schematic representation that integrates these pathways and provides an important framework that is currently lacking in the literature; this can be used to guide future research in this area.
Determinants of Chronic Sleep Restriction
Chronic sleep restriction is generally defined as habitual sleep durations that are less than 7 hours, but more than 4 hours, a night [21] . It is distinct from acute total sleep deprivation which refers to an absence of sleep over a minimum of 24 hours; this is neither a common nor chronic condition in humans. Chronic sleep restriction has become more common in recent decades, having more than doubled in the US since the 1960s [22, 23] . Approximately onethird of adults in the US currently report chronic sleep restriction and similar figures have been observed in other countries [24] [25] [26] . Chronic sleep restriction is increasingly recognized as a health concern because it is associated with motor vehicle and industrial accidents, health conditions such as hypertension, diabetes, obesity, and depression, and increased mortality [21, 27, 28] .
Previous research investigating the link between chronic sleep restriction and obesity has not adequately addressed the underlying causes of chronic sleep restriction. Many studies have either overlooked the causes of chronic sleep restriction or viewed chronic sleep restriction as the result of voluntary sleep curtailment [20] . However, the determinants are likely to be complex and vary considerably between individuals. These need to be examined because the nature of the relationship between chronic sleep restriction and obesity could depend on, or vary according to, the precise cause of chronic sleep restriction. The potential to modify sleep duration to aid obesity prevention and management may also depend on the precise factor(s) that contribute to chronic sleep restriction. Therefore, the remainder of this section identifies some key determinants of chronic sleep restriction that require investigation in this context. Sleep duration is influenced by a combination of genetic, health, sociodemographic, environmental, and behavioral factors; so there are likely a multitude of factors that could potentially contribute to chronic sleep restriction. Data from large-scale population studies have recently identified factors associated with chronic sleep restriction in adults at a population level. Most of these studies have been crosssectional, but they do provide an insight into the factors that could be important predictors of chronic sleep restriction. In particular, sociodemographic factors such as increased age, lower education level, lower income, ethnicity, and nonmarried status have been identified as strong predictors of chronic sleep restriction [24, 25, [29] [30] [31] . Health behaviors such as smoking, excessive alcohol consumption, lower levels of physical activity, increased television viewing, shift work, long working hours, and increased time commuting to and from work have also been associated with shorter sleep durations [24, 25, [30] [31] [32] [33] [34] . Several studies also demonstrate that physical and mental health status strongly predict sleep duration. For example, chronic diseases such as diabetes or cardiovascular disease [24, 25, [29] [30] [31] and mental health conditions such as stress, depression, and sleep disorders (e.g., insomnia) have been associated with reduced sleep [35, 36] . Dramatic changes in our physical environments in recent decades may also be contributing to chronic sleep restriction. For example, it is argued that we increasingly live in a 24-hour society that is characterized by more artificial light; this has the potential to disrupt natural circadian rhythms and adversely affect sleep [37] .
There are, therefore, many sociodemographic, behavioral/lifestyle, health, and environmental factors that could contribute to chronic sleep restriction. Importantly, the precise causes of chronic sleep restriction are likely to vary considerably between individuals. Some individuals may voluntarily limit the amount they sleep in order to meet work, social, or family demands, whilst others engage in behaviors such as cigarette smoking and excessive alcohol consumption that adversely impact on sleep duration. In other individuals, an underlying health condition, medication use, or factors associated with a low socioeconomic status could be the primary cause(s) of chronic sleep restriction.
If chronic sleep restriction is to be targeted as a modifiable risk factor for obesity, there is a need to better understand the underlying factors contributing to chronic sleep restriction in different populations. This is important for two main reasons. First, the nature and magnitude of the relationship between chronic sleep restriction and obesity may depend on the underlying causes of chronic sleep restriction; this could influence the mechanisms or pathways linking chronic sleep restriction to obesity and also how susceptible an individual is to the effects of sleep restriction. Second, the potential to modify sleep through interventions may differ based on the specific cause(s) of chronic sleep restriction. For example, factors such as mental health problems and sleep disorders may require interventions from specialist practitioners. In contrast, factors such as work hours could be targeted by behavioral interventions that do not necessarily aim to reduce work hours (as this could have adverse consequences, such as a loss of income), but rather attempt to minimize the impact of work hours on sleep patterns. This could perhaps be achieved by addressing factors such as television viewing and time spent commuting to and from work which may be limiting sleep duration in people who work long hours [33, 34] . Thus it is important that research investigating the relationship between chronic sleep restriction and obesity examines the determinants of chronic sleep restriction.
Hypothesised Pathways Linking Chronic Sleep Restriction to Obesity
There are many processes or pathways through which chronic sleep restriction could contribute to obesity and it is not feasible to address all of these in a single review. Instead we focus on the following three hypothesized pathways linking chronic sleep restriction to obesity: (1) neuroendocrine and metabolic pathways, (2) glucose regulation, and (3) waking behaviour. There is potential overlap between these pathways, but for the purposes of clarity, we discuss each of them separately. The concept of energy balance is important in this context. A constant body weight depends on a balance between energy intake (diet) and energy expenditure (basal metabolic rate, physical activity, and thermogenesis). Under normal conditions energy balance is maintained by a complex regulatory system that involves multiple physiological pathways in the body which act on neural circuits to maintain body weight within a narrow range [38] [39] [40] . For example, the adipose tissue hormones leptin and adiponectin, the pancreatic hormone insulin, and the gastrointestinal hormones ghrelin, peptide YY 3-36 (PYY), and glucagon-like peptide-1 (GLP-1) all act on hypothalamic circuits to influence energy balance. A chronic positive energy balance occurs when energy intake exceeds expenditure over a prolonged period of time; this has the potential to affect the processes involved in regulating body weight and can lead to obesity over time [39, 40] .
Hypothesis 1. Sleep Restriction Alters Neuroendocrine and
Metabolic Functioning. In a landmark series of experimental studies, Spiegel and colleagues [16] [17] [18] 41] demonstrated that short-term sleep restriction alters some neuroendocrine and metabolic hormones that are involved in the regulation of energy balance. In particular, six consecutive nights of sleep restriction (four hours sleep per night) were associated with increases in sympathetic nervous system (SNS) activity, evening cortisol levels and growth hormone levels (GH), and reductions in thyroid stimulating hormone (TSH), and leptin [16, 17, 41] . A follow-up study found that sleep restriction (four hours sleep per night) over two nights led to an 18% reduction in leptin and a 28% increase in ghrelin [18] . The increase in the leptin-to-ghrelin ratio corresponded with a 24% increase in hunger and a 23% increase in appetite that was mainly for energy dense foods. Other research groups have obtained similar results. For example, Guilleminault et al. [13] found that seven nights of sleep restriction (five hours sleep per night) led to a reduction in leptin rhythm amplitude. Schmid et al. [15] also found that a single night of 4.5-hour sleep led to an increase in ghrelin levels. Finally, Magee et al. [14] observed that two consecutive nights of five hours sleep led to a significant reduction in PYY levels and a corresponding decrease in satiety levels.
The profile of these hormonal changes is suggestive of increased energy intake, reduced energy expenditure and weight gain. For example, leptin, which is released in proportion to adipose tissue amount, acts on hypothalamic circuits to reduce energy intake and increase energy expenditure [42] . Insulin has many roles but also acts on hypothalamic circuits to reduce energy intake and increase energy expenditure [42, 43] . The reductions in leptin and insulin observed with sleep restriction are therefore suggestive of increased food intake and reduced energy expenditure. Ghrelin is released primarily from the stomach when nutrient levels are low and acts on hypothalamic pathways to stimulate food intake [44, 45] . The PYY molecule is released from the gastrointestinal tract in response to ingested nutrients and acts on the hypothalamus to reduce food intake [46, 47] . Therefore, the elevations in ghrelin and reductions in PYY observed with sleep restriction may be predictive of increased food intake.
Similarly, the increases in evening cortisol and GH levels may also be suggestive of weight gain. The elevation in GH levels observed by Spiegel et al. [41] was the result of an extended period of nocturnal GH secretion. This may have increased the amount of exposure of peripheral tissues to GH; if prolonged this could impact on glucose regulation in a way that leads to obesity (this is discussed in more detail below) [41] . However, GH has been shown to promote lean tissue and reduce the accumulation of adipose tissue [48] . The precise implications of the increases in GH observed with sleep restriction are therefore unclear and require further investigation.
The elevations in cortisol following sleep restriction suggest greater activity of the hypothalamic-pituitary-adrenal gland (HPA) axis. This could reflect increased stress levels as the HPA axis plays an important role in regulating the stress response [49] . Importantly, elevated cortisol levels have been shown to promote increased food intake and the accumulation of visceral fat in humans [50] . Similarly, since TSH normally functions to stimulate basal metabolic rate, the reductions in TSH with sleep restriction are suggestive of a reduction in energy expenditure.
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The findings reviewed above indicate that short-term sleep restriction under controlled laboratory conditions alters neuroendocrine and metabolic hormones in a manner that is consistent with weight gain and obesity. However, we only have partial understanding of these mechanisms and there are a number of issues that remain to be addressed. First, it is not clear which brain mechanisms link sleep restriction with the observed alterations in metabolic and neuroendocrine functioning. The activation of the SNS with sleep restriction is one possibility since increased SNS activity inhibits the release of leptin from adipose tissue and may inhibit insulin release [51] . Increased SNS activity also inhibits vagal nerve activity, which could account for the rise in ghrelin level observed with sleep loss [52, 53] . However, increased SNS activity is typically associated with reductions in energy intake and increased energy expenditure over time [54] . Since this pattern is predictive of weight loss, increased activation of the SNS may not be the predominant mechanism through which sleep restriction alters energy balance and leads to weight gain. Instead, other mechanisms involving disruptions in the functioning of the suprachiasmatic nucleus (SCN) or activation of the HPA axis could be more important.
The SCN is located in the anterior hypothalamus and regulates the circadian rhythms of several physiological systems, including sleep, and the secretion of hormones involved in energy balance regulation [55] . Alterations in hormones such as leptin, cortisol, and TSH and GH observed with sleep restriction could therefore be the result of disrupted SCN output. As noted earlier, the increases in cortisol secretion observed with sleep restriction suggest increased activation of the HPA-axis, which is indicative of the stress response. The stress response serves an important adaptive purpose by supplying extra energy to body tissues in anticipation of a fight or flight response [49, 50, 56] . This leads to the release of cortisol which through a series of feedback loops signals the HPA axis to reduce cortisol secretion [57] . However, chronic or frequent stress can desensitise the HPA axis such that cortisol remains elevated; over time this can lead to an increase in visceral body fat since cortisol promotes fat accumulation and also inhibits the release of leptin [49, 50, 58] . Activation of the HPA axis may also explain the increased SNS activity observed with sleep restriction. Thus it is possible that the physiological changes observed with sleep restriction are the result of increased HPA axis activity and/or altered SCN output, which have a cascading effect on a number of physiological systems.
The second important consideration is that it is not clear whether the physiological effects of sleep restriction observed under laboratory conditions over a period of a few days are equivalent to prolonged (or chronic) sleep restriction as it occurs in free-living individuals. In particular, it is feasible to assume some degree of physiological adaptation to the effects of sleep restriction, but one can only speculate on the extent and nature of this adaptation. Moreover, the effects of sleep restriction as observed in laboratory-based settings may differ to the effects of chronic sleep restriction in free living adults. These are all important considerations because, as noted above, the causes of chronic sleep restriction could differ considerably between individuals and the impact of sleep restriction on energy balance may depend on the underlying cause of chronic sleep restriction. Finally, few studies have examined whether sleep restriction alters components of energy expenditure. Schmid et al. [59] demonstrated that sleep restriction led to a reduction in physical activity under free-living conditions, but there were no significant changes in food intake, hunger and appetite, and levels of leptin and ghrelin. This suggests that sleep restriction might alter energy expenditure but this requires further investigation in studies that also examine other components of energy expenditure such as basal metabolic rate or nonexercise activity thermogenesis. This is important because examining both sides of the energy equation (i.e., energy intake and expenditure) will be critical to understanding the processes through which sleep restriction promotes obesity.
Hypothesis 2. Sleep Restriction Alters Glucose Regulation.
Another potential pathway linking chronic sleep restriction to obesity could involve disruptions in the regulation of glucose levels; this may also have implications for diabetes, which are discussed by Spiegel et al. [60] . Alterations in glucose regulation have been linked with weight gain and obesity. For example, Boulé et al. [61] found that lower blood glucose concentrations at the end of an oral glucose tolerance test (OGTT) predicted weight gain over a 6-year period. These results were explained according to the Glucostatic Theory of Appetite Control, which postulates that glucose plays an important role in the regulation of satiety and appetite [62] . In particular, reduced glucose utilization in important regions of the brain leads to perception of hunger and increased food intake, whereas higher glucose utilization in these same areas promotes a decrease in hunger and a cessation of eating [62] .
Sleep restriction has been shown to affect glucose levels in humans. Spiegel et al. [17] found that six nights of sleep restriction led to a 30% reduction in glucose effectiveness (i.e., noninsulin dependent glucose utilization) and a 40% reduction in glucose utilization following intravenous glucose administration. These results have been supported by cross-sectional and prospective data. For example, Chaput et al. [63] found that habitually short sleepers had higher levels of fasting plasma glucose and insulin concentrations and lower blood glucose concentrations at the end of an OGTT. Chaput et al. [64] also found that individuals reporting short sleep had increased glucose area below fasting glucose concentrations; this is indicative of reactive hypoglycemia and predicted diabetes/impaired glucose tolerance at six-year followup.
Thus it is possible that chronic sleep restriction contributes to obesity by disrupting the regulation of glucose in a manner that promotes increased food intake. Chronic sleep restriction could potentially exert these effects via activation of the SNS or disruptions in hormones such as cortisol or GH [63] . As with the neuroendocrine pathways discussed above, there is a need for more longitudinal data examining whether prolonged sleep restriction does promote fat accumulation and lead to obesity by impairing glucose regulation. 
Hypothesis 3. Sleep Restriction Affects Waking Behaviour.
The third hypothesis discussed in this paper is that chronic sleep restriction contributes to obesity by affecting waking behavior, and in particular promoting patterns of behavior that cause weight gain. It is well documented, for example, that consumption of food with a high-energy content and sedentary behavior (e.g., television viewing, physical inactivity) are strong risk factors for obesity [6] . Chronic sleep restriction could lead to obesity by promoting these behaviors and this has received some empirical support. Nedeltcheva et al. [65] for example, recently examined the effects of 14 consecutive days of sleep restriction on food intake, energy expenditure, and neuroendocrine hormones. In contrast to the studies conducted by Spiegel and colleagues [16] [17] [18] , which involved a mild form of calorie restriction, Nedeltcheva et al. [65] provided food to participants ad libitum. Their results indicated that sleep restriction led to an increase in calorie consumption that was attributed to snacking particularly during the night when the individual would normally have been sleeping (this is unlikely to reflect the night eating syndrome). Food intake during meal time remained unchanged with sleep restriction, as did energy expenditure. The findings suggest that short sleepers could be more susceptible to weight gain because they have more time to eat. The increase in consumption because of greater exposure to food (rather than increased hunger) suggests that in addition to the homeostatic factors reviewed above, nonhomeostatic factors may also be involved in the relationship between chronic sleep restriction and obesity [66] . Thus, future studies will need to further investigate both homeostatic and nonhomeostatic pathways linking chronic sleep restriction to obesity.
Another plausible behavioral pathway linking chronic sleep restriction to obesity involves fatigue, since individuals who get insufficient sleep are more likely to experience fatigue and daytime sleepiness [67] . It is possible that individuals engage in behaviors such as consumption of high-energy drinks or food to counter the effects of fatigue. Fatigue may also render individuals less likely to engage in physical activity [68, 69] and more likely to engage in sedentary behaviors such as television viewing. This pattern of behavior could also promote a positive energy balance and may partially account for the association between chronic sleep restriction and obesity.
Integrating the Pathways Linking Chronic Sleep Restriction to Obesity
Chronic sleep restriction may be an important risk factor for obesity and could have implications for obesity prevention and management. However, current understanding of the processes underlying the relationship between chronic sleep restriction and obesity is limited. The purpose of the present paper was not to provide a definitive review of the literature, but rather to integrate two important aspects of this relationship which are summarized in Figure 1 . First, we examined potential determinants of chronic sleep restriction, which have been largely overlooked in the literature. We hypothesize that chronic sleep restriction could be the result of a range of factors including mental health status, lifestyle/behavioral factors, chronic disease, and sociodemographic status. It is important that these are examined further because the precise causes of chronic sleep restriction, and the potential to modify these in therapeutic settings, are likely to differ considerably between individuals. Second we examined the following three potential pathways through which chronic sleep restriction could potentially promote weight gain and obesity: (1) metabolic and neuroendocrine functioning, (2) glucose regulation, and (3) waking behaviour. These pathways have the potential to promote a positive energy balance and may explain the mechanisms linking chronic sleep restriction to obesity. The first challenge for researchers will be to demonstrate that chronic sleep restriction does impact on these and other pathways not examined in this paper. This is important because the effects of short-term sleep restriction may not correspond with the effects of chronic sleep restriction, as there may be some form of physiological adaptation over time. Thus, more long-term prospective studies examining the associations between changes in sleeping patterns, body composition, and the pathways identified in Figure 1 are needed. There is also a need to investigate whether the magnitude of the association between chronic sleep restriction and obesity, and the underlying pathways, varies according to the causes of chronic sleep restriction. It should be noted that the association between chronic sleep restriction and obesity is likely to be bidirectional and circular, and this is depicted in Figure 1 . Therefore, although the primary purpose of this paper was to review evidence indicating that chronic sleep restriction contributes to obesity, it is also possible that obesity contributes to chronic sleep restriction. For example, symptoms of obesity such as pain and discomfort and comorbid conditions such as obstructive sleep apnea have been shown to impair and disrupt sleep. As a result, there is a need for more experimental or prospective research to delineate the magnitude of the effect of chronic sleep restriction on obesity.
A final consideration is that it is not clear whether chronic sleep restriction can be modified through interventions, and whether these changes are effective in preventing and managing obesity. Research addressing these issues will be important in determining not only the pathways linking chronic sleep restriction to obesity but also whether chronic sleep restriction is a risk factor that can be modified to treat and prevent obesity. Currently there is a 12-month randomized controlled trial being conducted in the US (clinicaltrials.gov register number NCT00261898) that is examining whether increasing sleep duration in obese individuals who report short sleep affects body weight and other related variables (e.g., glucose regulation, neuroendocrine hormones). This study may provide clarification as to whether chronic sleep restriction can be targeted as a modifiable risk factor for obesity, but the results of this study have not yet been published. This area of research is significant given that the obesity epidemic continues to grow and poses a number of major health, social, and economic problems; targeting the amount we sleep could be an important step in combating this health problem.
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